The modifications of hadronic masses and decay widths at finite temperature and baryon density are investigated using a phenomenological model of hadronic interactions. We consider an exhaustive set of hadronic reactions and vector meson decays to estimate the photon emission from hot and dense hadronic matter. The reduction in the vector meson masses and decay widths is seen to cause an enhancement in the photon production. The effects on rho mediated production of dilepton is also indicated.
I. Introduction
Numerical simulations of QCD (Quantum Chromodynamics) equation of state on the lattice predict that at very high density and/or temperature hadronic matter undergoes a phase transition to Quark Gluon Plasma (QGP) [1, 2] . One expects that ultrarelativistic heavy ion collisions might create conditions conducive for the formation and study of QGP. Various model calculations have been performed to look for observable signatures of this elusive state of matter. However, among various signatures of QGP, photons and dileptons are known to be advantageous as these signals participate only in electromagnetic interactions, and therefore, retain their energy and momentum almost undistorted. They thus carry the information of the reaction zone (from where they were produced) rather more effectively unlike the hadrons which are strongly interacting. The disadvantage with photons is the substantial background from various processes (thermal and non-thermal) [3] .
Among these, the contribution from hard QCD processes is well understood in the framework of perturbative QCD and the yield from hadronic decays e. g. π 0 → γ γ can be accounted for by invariant mass analysis. However, photons from thermalised hadronic gas pose more difficult task to disentangle. Therefore it is very important to estimate photons from hot and dense hadronic gas along with the possible modification of the hadronic properties.
In ultrarelativistic heavy ion collisions hadronic matter is formed after a phase transition from QGP. Even if such a phase transition does not occur, realisation of hadronic matter at high temperature (∼ 150 -200 MeV) and/or baryon density ( a few times normal nuclear matter density) is inevitable. As a result the study of hadronic interactions at high temperature and density assumes great significance.
Such a study is also important in order to understand the properties of compact stellar objects such as neutron stars where densities ∼ five to ten times normal nuclear matter density are likely to be encountered. There are several other aspects where medium effects may play an important role. For example spontaneously broken chiral symmetry of the hadronic world is expected to be restored at high temperature and density [4] and this will be reflected in the thermal shift of the hadron masses and their decay widths. These modifications can be studied by analysing photon, dilepton as well as hadronic spectra.
Progress in our understanding of hot and dense hadronic matter has been retarded since the underlying theory for strong interaction, QCD, is nonperturbative at low energy regime. Because of this severe constraint considerable amount of work has been done on model building (see e.g. Ref. [5] ) in order to study the low energy hadronic states.
Various investigations have addressed the issue of temperature and density dependence of hadronic masses within different models over the past several years.
Hatsuda and collaborators [6] and Brown [7] have used the QCD sum rules at finite temperature and density to study the effective masses of the hadrons. Brown and Rho [8] also argued that requiring chiral symmetry (in particular the QCD trace anomaly) yield an approximate scaling relation between various effective hadron
The nucleon-nucleon interaction is well described by semi-phenomenological oneboson-exchange models. Inclusion of heavier mesons e. g. rho, omega and other multipion resonant states to one-pion exchange model gives a good description of low energy NN scattering data. However, in symmetric nuclear matter the interaction mediated by pion and rho exchange averages out to zero. Therefore, many of the observed properties of hadronic interactions at low energy can be understood by considering only omega and sigma meson exchange [10] .
The change in the masses and decay widths of vector meson propagating in a medium occur due to its interaction with the real and virtual excitations in the medium. In Mean Field Theory (MFT) the condensed scalar field is responsible for the modification of the nucleon mass. In other words the nucleon mass changes due to the contribution from scalar tadpole diagrams in the nucleon self energy [10, 11] .
The vector meson mass gets shifted due to the decrease of the nucleon mass which In an earlier calculation [12] we have shown the effects of temperature modified masses and widths on the photon spectra. This has relevance to conditions likely to be achieved at RHIC and LHC energies. However, due to partial stopping of baryonic matter at the SPS energies, the central region can have non-zero baryon density [13] . Hence it is necessary to include finite baryon density effects in the hadronic properties as well.
In the present calculation we have studied the medium modification of hadron properties both at finite temperature and baryon density. In addition to this we have also included the effects of vacuum fluctuations in the nucleon self energy. The photon emission rates are then estimated with medium modified mass and decay width of hadrons. Possible effects on the dilepton emission rate has also been illustrated.
We organise the paper as follows. In Section II we calculate the temperature and density dependent properties of vector mesons within the framework of Quantum Hadrodynamics (QHD). In Section III we discuss photon production rates from hot and dense matter. Section IV is devoted to discuss the results of our calculations.
In Section V we present a summary and discussions.
II. Medium Effects
At non-zero temperature and density the pole of the propagator gets shifted due to interactions with real and virtual excitations present in the system. Such a modification can be studied through the Dyson -Schwinger equation.
IIa. Nucleons
In the Relativistic Hartree Approximation (RHA) the full nucleon propagator is given by,
where Σ H (k) is the nucleon self energy which contains contributions from both scalar (Σ s ) and vector (Σ µ v ) tadpole diagrams [10, 11] . We then have,
where,
and,
Here, m s (m v ) is the mass of the neutral scalar (vector) meson , and, the nucleon interacts via the exchange of isoscalar (isovector) meson with coupling constant
is the counter term contribution required to subtract the divergences in the scalar self energy. Since the vector self energy is finite, such a counter term is not required [10, 11] . The pole structure of the full nucleon propagator in RHA resembles that of the non-interacting propagator with shifted mass and fourmomentum. The full nucleon propagator consists of a medium and a vacuum part.
Mean Field Theory is reproduced if one considers only the medium contribution.
However, the inclusion of the vacuum part results in divergences. One then introduces counterterms (Σ CTC s ) in order to handle them. These constitute the vacuum fluctuation corrections to MFT. Consequently, the effective nucleon mass reads,
Here, ρ is the baryon density of the medium and is given by
IIb. Vector Mesons
The effective propagator for the vector boson is given by,
where A µν and B µν are the projection operators [12] , m V is the free mass of the vector meson and
The transverse (longitudinal) component of the self energy, Π T (L),med contains both finite temperature and density effects and Π vac represents the contribution from the Dirac sea with modified nucleon mass. We use the following interaction Lagrangian to evaluate the ρ and ω self energies:
where V µ a = {ω µ , ρ µ }, M is the free nucleon mass, N is the nucleon field and
The real part of the self energy is responsible for mass shifting and the imaginary part gives the decay width of the vector meson in the medium. The effective mass of the vector meson can be obtained from the pole position of the propagator in the limit k → 0 i. e. in the rest frame of the vector meson. In this limit Π T,med = Π L,med = Π med , and we have,
The effective mass of the vector meson is then obtained by solving the equation:
The vacuum part of the vector meson self energy due to NN polarization in the modified Dirac sea is given by (12) where,
Here, it is important to note that we have used the in-medium mass obtained by solving Eqs. (5) and (6) simultaneously. The renormalization scheme employed by Hatsuda et al. [14] . has been adopted here.
In a hot and dense system the on-shell nucleons participating in the absorption and emission processes contribute to the self energy. The in-medium contribution to the self energy is then given by
Here, p F is the Fermi momentum of the nucleon and
with
with ω
The rho decay width can be calculated from the ρ π π loop by using LandauCutkosky cutting rules at finite temperature. We quote the final results below (see Ref. [12] for derivation)
where ω = m * ρ is the in-medium mass of the rho.
III. Photon emission
To evaluate the photon emission rate from a hadronic gas we model the system as consisting of π, ρ, ω and η. The relevant vertices for the reactions π π → ρ γ and π ρ → π γ and the decay ρ → π π γ are obtained from the following Lagrangian:
where F µν = ∂ µ A ν − ∂ ν A µ , is the Maxwell field tensor and J µ is the hadronic part of the electromagnetic current given by
The invariant amplitudes for all these reactions have been listed in the Appendix of Ref. [12] .
For the sake of completeness we have also considered the photon production due to the reactions π η → π γ, π π → η γ and the decay ω → π γ using the following interaction:
The last term in the above Lagrangian is written down on the basis of Vector Meson Dominance (VMD) [15] . The invariant amplitudes for the reactions involving the η meson are given in the appendix.
The emission rate of a photon from a thermal system at temperature T of energy E and momentum p is given by [12] ,
where M is the invariant amplitude for photon production and
IV. Results

IVa. Hadronic Properties in the Medium
The following values of the coupling constants and masses [16] Fig. (1) we depict the variation of nucleon mass with temperature for a set of densities. We observe that the nucleon mass falls steadily with density for a fixed temperature. However, the variation with temperature for given values of baryon densities shows interesting features.
At zero baryon density the nucleon mass decreases monotonically as a function of temperature, but for finite densities it increases slightly before falling. This trend is similar to that obtained by Li et al [17] , and may be attributed to the modification of the Fermi-sea at finite temperature and density. Our calculation shows a 35% reduction of the effective nucleon mass at T = 160 MeV and two times normal We now focus our attention to the properties of vector mesons due to N − N interactions at finite temperature and baryon density. In Fig. (3) the effective mass of the rho meson is plotted against temperature for various values of baryon density.
We observe that the variation of the rho mass follows qualitatively the same trend as that of the nucleon. In this case, the rho mass decreases by 45% at T = 160 MeV and two times normal nuclear matter density compared to its free space value. This is due to the fact that the large decrease of the modified Dirac sea contribution to the rho self energy dominates over the in-medium contribution which is seen to increase with temperature. We have shown in our earlier calculations [12] that the change in rho mass due to rho-pion interaction is negligibly small and hence we do not consider such effects here.
We evaluate the effective omega mass with the values of the coupling constants mentioned above. We observe in Fig. (4) This is shown in Fig. (5) . In this case the observed enhancement of the decay width with temperature at non-zero values of the baryon density is solely due to stimulated emission of pions in the medium. This is just a manifestation of the well known Bose enhancement (BE) effect [12, 18] which is more clearly observed in Fig. (6) .
We will show in the next section that the BE effect plays an important role in the dilepton spectra. 
IVb. Photons from Hadronic Matter
In the present section we evaluate the photon spectra incorporating the in-medium masses and decay widths of the hadrons. It is well known [3] that the reactions π ρ → π γ , π π → ρ γ , π π → η γ , π η → π γ , and the decays ρ → π π γ and ω → π γ are the most important channels for photon production from hadronic matter in the energy regime of our interest.
We start with the reactions π ρ → π γ and π π → ρ γ. Fig. (7) shows the photon yields from these reactions as a function of energy at T =160 MeV for various values of the baryon density. For the channel π π → ρ γ, we observe that at two times normal nuclear density the emission rate of photons in the energy range 1-3
GeV increases by a factor of ∼ 6 compared to its value when no medium effect is taken into account. We can understand this enhancement from a simple kinematical argument. For a given center of mass energy of the π − π system, the energy of a photon can be written as
here that the decrease in rho mass enhances the possibility of getting a photon of higher energy. Let us now turn to the reaction π ρ → π γ. In this case also we observe a similar enhancement in the photon yield at higher energies. However, at lower photon energies (< 1 GeV) the enhancement is by a few orders of magnitude.
The rho meson in the incident channel in this case appears as a massless boson (γ) in the exit channel making available the rest mass energy of the rho to the kinetic energy of the emitted photon. In Fig. (8) , the same is shown at a temperature T = 180 MeV. The results are qualitatively similar to the previous case with an increase in the absolute value of the photon yield. It is worth mentioning at this point that the effect of the finite decay widths of the vector meson (which enter through the propagator) has negligible effect on the photon spectra.
We next consider the reactions π π → η γ, and π η → π γ. In Fig. (9) we plot the photon emission rates from these reactions at T = 160 MeV for different baryon densities. It is interesting to note that with increasing values of the baryon density the yield from the first reaction decreases whereas the opposite occurs for the second reaction. Such a behaviour naturally follows from the rho mass (effective) Since the rho and omega lifetimes are comparable to the strong interaction time scale it is necessary to consider the decay channels. The possibility of detecting a high energy photon from the decay ρ → π π γ reduces as the mass of the rho decreases with increasing baryon density. This is clearly observed from Fig. (11) at T = 160 MeV. The corresponding results for T = 180 MeV (Fig. (12) ) shows a similar nature. In Figs. (13) and (14) we display the photon spectra from omega decay for T = 160 and 180 MeV respectively. The medium effects in this case are rather small. Finally, the total photon emission rate at T =160 MeV is plotted in Fig. (15) as a function of the energy of the emitted photon for various values of baryon density.
At twice normal nuclear matter density the photon yield is seen to be higher by a factor of ∼ 4 compared to the case when the effects of the thermal bath on the hadronic properties are neglected. This is true for almost the entire energy range of the emitted photon under consideration. A qualitatively similar trend is observed at T = 180 MeV as shown in Fig. (16) .
So far we have studied the effects of in-medium hadronic masses and decay widths on the photon spectra, where, as mentioned before, the latter has a small effect.
However, the modification in rho decay width due to BE, arising from the induced emission of pions in the thermal medium on the low mass lepton pair production is seen to play a crucial role. It has been shown in Ref. [19] that this effect arises naturally in a calculation based on finite temperature field theory.
For the sake of illustration, we consider the effect of thermal nucleon loop on the lepton pair production from pion annihilation via (rho mediated) vector meson dominance. In the work of Li, Ko and Brown [17] , the observed enhancement on the low mass dilepton yield was attributed solely to the the matter induced mass modification of the rho meson, while neglecting the BE effect. In 
V. Summary and Discussions
In this work we have studied the variation of effective masses and decay widths of nucleons and vector mesons at non-zero temperature and baryon density within the framework of an effective Lagrangian approach. It is seen that the nucleon mass for non-zero baryon density increases slightly with temperature before dropping. We have seen that the effect of the vacuum fluctuation corrections to MFT value of nucleon mass is substantial at higher values of the baryon density. However, the consequence of such an effect on the vector meson mass is minimal.
We have also estimated the photon emission rate from a hot and dense hadronic matter. The inclusion of in-medium properties of hadrons enhances the emission rate. Although the effect of the decay width of the rho meson on photon spectra is small, it affects the dilepton emission rate quite substantially in the low invariant mass region. An exhaustive work taking into account all the important dilepton producing channels will be published shortly.
So far we have talked about the static (fixed temperature) emission rate of photons and dileptons. The calculated spectra has to be folded with the space time evolution dynamics. This requires a self consistent calculation of the equation of state, which is a fundamental ingredient to any hydrodynamical calculation. Because of the substantial change in hadronic properties at finite temperature and density the simple Bjorken-like [20] hydrodynamical model appears to be grossly inadequate.
A rigorous calculation addressing these issues is in progress.
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The Feynman diagram for the above process is shown in Fig. (18a) . For the reaction π ± (p 1 ) + η(p 2 ) → π ± (p 3 ) + γ(p 4 ) (see Fig. (18b) ),
The coupling constant g ρρη is evaluated from the following relations: 
and Γ(ρ → η γ) = (57±10.5) keV.
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